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Introduction
Anemia is an invariable consequence of end-stage renal failure.
The use of recombinant human erythropoietin (EPO)' has dramatically improved the quality of life of patients with endstage renal failure (1) . However, this therapy requires frequent hospital visits by patients, limiting patients' life styles as well as job opportunities. As an alternate therapy, we attempted to establish a gene therapy protocol to systemically deliver this cytokine. The prime requirements of gene transfer approaches for systemic delivery of cytokines in general are: (1) sufficient and (2) sustained production of (3) the functional transgene product to achieve (4) a therapeutically significant systemic response. A successful gene therapy protocol should thus decrease frequent hospital visits for recombinant EPO therapy.
Gene therapy protocols for malignant tumors such as melanoma (2) and brain tumors (3) by local delivery of target genes have produced some therapeutic success in clinical trials. Although a number of gene therapy approaches have been tested for systemic delivery of cytokines (4, 5) , gene therapy for systemic delivery of hormones and cytokines such as factor IX for the treatment of hemophilia, has not attained sustained normalization of the disease condition (for instance, normalization of bleeding time) in animal models. We have evaluated a myoblast gene transfer system to deliver human EPO. Myoblasts appear to be a highly suitable model for cell-mediated gene delivery. Myoblasts can be isolated from mammalian muscle tissue and manipulated easily in vitro, can be expanded through 20-50 doublings and made available in a large numbers (6, 7) . The cells can be transduced or transfected with recombinant genes, and can be injected back into muscles for autologous or heterologous transplantation (8) (9) (10) . The (14) . These clones carry the 1.34-kb human EPO cDNA (starting at + 190 nucleotide from the major transcription initiation site to the end of poly A tail) (16) (17) (18) cloned into the plasmid pRC/CMV (Invitrogen, San Diego, CA). This plasmid bears the cytomegalovirus enhancer/promoter (19, 20) (14) .
Myoblast transplantation. Myoblasts from C2-EPO9 were cultured and harvested as previously described (14) . Under general anesthesia, a total of 4 x 107 cells were injected through a 27- Creation of renal failure model using nude mice. A renal failure model was created by a two-step nephrectomy (23) using 7-8 wk-old male nude mice. Under general anesthesia using sterile techniques, the right kidney was exposed through a flank incision and decapsulated, and the upper and lower poles (two thirds of the right kidney) were resected. The remnant right kidney was allowed to recover from swelling for a week, and then the total left kidney was resected. The animals were fed standard chow containing 24.0% protein and 1.0% phosphorus, and water ad libitum. Renal failure was confirmed by the development of both anemia and uremia. For uremia, blood urea nitrogen (BUN) was determined weekly with a BUN kit using 4 i1 of serum.
Measurement of serum EPO concentration. Serum concentrations of human EPO were determined by an enzyme linked immunosorbent assay (ELISA) system using a mouse monoclonal antibody according to the manufacturer's protocol. This method has a linear range between 2.5 and 200 mU/ml of human EPO with a detection threshold of 0.25 mU/ml. /3-galactosidase assays. After euthanasia, skeletal muscle tissue was excised and frozen immediately on dry ice. The excised muscles were then sectioned with a freezing microtome. The sections were attached to microscope slides, fixed in 0.25% glutaraldehyde for 10 min, washed in PBS for 10 min, and stained in PBS containing 1 mg/ml of X-gal,
Results
Creation of renal failure model in mice. The major current clinical indication for recombinant human EPO protein is anemia in end-stage renal failure (24) . We tested whether a myoblast gene transfer approach could be effective for the treatment of anemia in renal failure. We first attempted to create renal failure models that developed severe anemia allowing us to test the effect of C2-EPO9 transplantation. A two-step nephrectomy was performed in 27 male nude mice. Two thirds of the right kidney was resected first and a week later, the left kidney was totally resected. Two mice died shortly after the first nephrectomy, and eight after the second, presumably due to acute renal failure and/or bleeding. This mortality rate is comparable with a previous report (25) . 17 mice that survived the acute phases of the two-step surgery were further followed weekly for the development of anemia and uremia, an indication for a successful nephrectomy. Hematocrit and BUN changes in these surviving mice are shown in Fig. 1 . A week after the second nephrectomy, all the mice developed significant anemia (Fig. 1, A and  B) . As shown in Fig. 1 A, anemia improved somewhat for the following week in five mice, possibly due to EPO production in response to hypoxia from residual renal tissue and liver (Fig.  1 A) . Because of this tendency of hematocrit normalization, these five mice were followed without transplantation (group I). These group I mice did not develop further anemia (Fig.  1 A) . Although BUN increase was obvious after the second nephrectomy in the group I mice (Fig. 1 B) , it remained moderate and was not progressive. In group I, only one mouse died during the experimental period, consistent with milder anemia and uremia. In the other 12 mice (group II), anemia was more severe and persistent (Fig. 1 C) . The mean hematocrit decreased from a preoperative level of 45.2±2.7 to 33.9±3.7(%) 3 wk after the second nephrectomy. Since the hematocrit decrease appears to be relatively stabilized by week 3 in group II mice, these mice appeared to be ideal for testing the effect of C2-EPO9 transplantation. We decided to use some group II mice to study the efficacy of the transplantation. Eight mice were transplanted with C2-EPO9 cells (Fig. 1 C, solid  lines) , and three mice were followed without transplantation as control ( Fig. 1 C, dashed lines) (one mouse died just before transplantation presumably due to severe uremia). All of the transplanted mice of group H had a marked hematocrit increase ( Fig. 1 C) , despite the presence of severe uremia as indicated by the progressively increasing BUN levels (Fig. 1 D) . A mean hematocrit of 68.6±4.2% was achieved 2 wk after the transplantation, and this hematocrit increase persisted thereafter. Those without transplantation showed persistent or even deteriorating anemia (Fig. 1 C, dashed lines) . BUN increase was much more striking (95.4±16.5 mg/dl) in group II (Fig. 1 D) than in group 1 (52.6±13.2 mg/dl three weeks after the second nephrectomy) (Fig. 1 B) . All of the group II mice, except one, died between 6 and 11 wk (8.2± 1.8 wk) after the second nephrectomy presumably due to severe uremia. The observed survival rate is consistent with previous observations (26 (27) bearing P-galactosidase and neomycin resistence genes. Since the C2-EPO9 clone had already been maintained in the presence of G418, BAG-transduced clones were selected by positive Xgal staining. Cells from one X-gal positive clone (clone 9-BAG) were expanded and transplanted into nude mice with renal failure according to the same protocol used for C2-EPO transplantation. These mice also showed a marked hematocrit increase from pre-transplantation level of 36.2±4.6% to 60.8±5.6% 4 wk after the transplantation. Six weeks later, Xgal positive myofibers were detected in the entire area of transplantation. At some sites, most of the myofibers were X-gal positive (Fig. 3, A and B) , while at other sites, both X-gal positive and negative myofibers coexisted (Fig. 3, C and D) . However, we have been unable to detect X-gal positive myoblasts. These results demonstrated that the transplanted EPO- secreting myoblasts differentiated by fusing with preexisting host myofibers or themselves and that the transgenes were actively expressed from the transplanted cells for the duration of the experimental protocol.
Discussion
Human EPO protein has a 79% amino acid homology with mouse EPO, and its administration induces marked erythropoiesis in mice as well as other species of animals including rat and dog (28, 29) . To avoid immunological consequences engendered by human EPO produced in a different species, we used nude mice and attempted to determine the feasibility of a myoblast gene transfer approach in the treatment of renal failure. This gene therapy approach successfully met the prime requirements of (1) sufficient and (2) sustained secretion of (3) functional EPO transgene products, resulting in (4) a correction of anemia associated with renal failure (therapeutic systemic response), and thus demonstrated the potential therapeutic value of the approach.
We previously found that the transplantation of C2-EPO9 cells sustained a hematocrit increase for at least 3 mo in normal nude mice ( 14) . Following this successful result, we attempted to correct anemia associated with renal failure, a major current indication for recombinant EPO therapy (15, 24) . A number of clinical features of the uremic syndrome might be expected to adversely effect the outcome of a myoblast gene transfer approach for systemic EPO delivery. Wound repair processes after myoblast transplantation, for instance, could be much less efficient in uremic animals compared with normal animals due to poor nutrition, hemorrhagic diathesis, and infection (30) . Myoblast gene transfer might be further hampered by uremic myopathy as well as polymyositis syndromes observed in chronic renal failure (30) . It is unknown how other abnormalities in the uremic syndrome including electrolyte disorders, metabolic acidosis (i.e., glucose intolerance), gastrointestinal disorders, neurologic abnormalities, and metabolic disorders, might affect the outcome of myoblast transplantation. Furthermore, the erythroid response to EPO is significantly reduced, and red blood cell survival is shortened in uremia (30) .
To our surprise, however, C2-EPO9 transplantation could, even in the face of severe uremia, deliver more than a sufficient amount of human EPO to correct anemia in nude mice with renal failure. The transplantation of 4 x 107 cells from C2-EPO9 increased hematocrit by 35% in renal failure mice (Fig.  1 C) , which is comparable with 27%, the degree of hematocrit increase observed in non-uremic mice ( 14) . Although the therapeutic effects lasted for at least 2 mo, longer periods of analysis were limited by animal death probably due to severe renal failure. However, with treatment of renal failure, it is likely that the hematocrit increase would persist for more than 2 mo, as was the case with non-uremic mice (14) . The observation that the serum EPO concentration was still high at 2 mo, together with the fact that the half-life of red blood cells in mice is 20-45 d (31), also supports the likelihood that the increased hematocrit would have been sustained longer than 2 mo, if the uremia had been corrected by dialysis. The sustained high serum human EPO concentration due to C2-EPO9 transplantation confirmed that the observed hematocrit increase was due to human EPO derived from the transplanted cells rather than endogenous mouse EPO. The persistent presence of X-gal positive myofibers after clone 9-BAG transplantation further supports the notion that the transplanted myoblasts differentiate into myofibers and become a stable source of EPO production in the face of renal failure.
We have frequently observed tumor formation in the transplanted nude mice after 2-3 mo. However, these tumor cells are not likely to contribute to the observed hematocrit increase, since the cultured tumor cells recovered from the tumor of one mouse did not secrete any detectable amount of human EPO by ELISA (not shown). Furthermore, the serum EPO concen- (33) , this approach'would require customized preparation of cells for an individual patient to avoid immunorejection. In this regard, a stocked cell line with an immunoisolation device might be a more practical approach for a large population of patients. Within such a device transformed myoblasts appear to retain an ability to differentiate (34) and are likely to become a stable source of recombinant protein production.
Although mice appear to tolerate the unusually high hematocrit for several months (35) , overproduction of EPO could have potentially deleterious consequences including polycythemia (36, 37) . Although we and others have found that recombinant gene production can be controlled to some degree by the number of cells transplanted (unpublished observation) ( 10) , regulated transgene expression could also be achieved, for example, by use of inducible promoters to drive genes of interest (38, 39) .
The major point of the present study was the demonstration (a) that myoblast gene transfer technology could correct a disease condition (correction of anemia) as a systemic response to EPO transgene expression, and (b) that myoblast gene transfer is feasible for delivery of genes of interest (not restricted to EPO) in the setting of severe uremia, a disease condition previously untested for this approach. The result opens the possibility of delivering EPO, as well as other genes, to treat disease conditions in renal failure patients by myoblast gene transfer. This system may eventually offer an alternate, possibly more efficient gene therapy approach for the treatment of anemia associated with renal failure as well as other EPO-responsive anemias which must otherwise be treated with life-long repeated administrations of recombinant EPO protein.
